One contribution of 14 to a theme issue 'Behavioural, ecological and evolutionary responses to extreme climatic events'.
Introduction
Adaptive phenotypic plasticity and genetic adaptation are the main ways in which isolated populations can deal with environmental change, if they cannot track their most suitable habitats in space through dispersal because of natural barriers, habitat destruction/fragmentation and/or biological attributes limiting dispersal ability. Such phenotypic responses, and how they contribute to demography and extinction risk in a changing environment, are of interest to ecologists and evolutionists, because (i) current high rates of human-induced climate change are threatening many species of animals and plants, and (ii) it is now clearly established that environmental effects on demography are largely mediated by measurable phenotypes [1] [2] [3] [4] [5] . Furthermore, evidence is accumulating that the part of phenotypic change in the wild that is attributable to phenotypic plasticity is larger than was previously thought [6] [7] [8] . This has recently motivated a series of theoretical investigations of the interplay of phenotypic plasticity, evolution and population growth under different regimes of directional and random environmental change, aimed at identifying to what extent plasticity (and its evolution) may facilitate population persistence [9] [10] [11] [12] [13] [14] , as well as renewed interest in empirically characterizing limits to plastic responses within and between generations.
Climatic studies indicate that global change, beyond just consisting of trends in mean environmental variables, is also largely characterized by an increased frequency and severity of extreme events [15] [16] [17] . Biological responses to such extreme climatic events, including phenotypic plasticity, scale up from the individual to the ecosystem, as documented by considerable empirical literature on experimental exposure to strong environmental stress in the laboratory (reviewed in [18, 19] and below), and ecological studies of natural populations [1, 20, 21] . In contrast with this abundance of biological data focusing specifically on extremes, theory on phenotypic plasticity and its evolution is mostly based on models that treat the environment-and biological responses to it-as a continuum, such that nothing specifically distinguishes extreme environments from others. How plasticity evolves in extreme environments, and how this affects population responses to environmental changes, are still relatively little understood. Our aim here is to refine theoretical questions and predictions about evolution of plasticity in extreme environments, and provide an overview of relevant empirical evidence, and further issues raised by this evidence.
In line with earlier work, we will use the term phenotypic plasticity to describe the influence of the environment on the phenotypic expression of individual traits other than fitness. Environmental effects on fitness itself, its life-history components (vital rates), or performance as a surrogate, are better described as environmental tolerance [22] . The relationship between both concepts is clear: environmental tolerance results from the plasticity (or absence thereof ) of traits on which selection may change with the environment [11, 23, 24] . Towards extremes, environmental tolerance becomes stress resistance, and the underlying traits are resistance mechanisms. A large body of the literature on biological responses to extreme environments focuses on tolerance/ resistance, where fitness/performance are the only measured traits. In such studies, the influence of past environments on fitness is described as acclimation, acclimatization or hardening, which implicitly involves phenotypic plasticity of underlying traits. Here, by contrast, we frame our theoretical arguments explicitly on plastic traits under selection, from which environmental effects on fitness emerge, following previous theory [11, 23, 24] . We then discuss empirical examples as much as possible in the light of these arguments.
Theoretical considerations (a) What is an extreme environment?
From a purely probabilistic or statistical perspective, extremes simply correspond to the tails of the distribution of a random variable, which are rare by definition, and can be described by extreme value theory (as discussed in [25] ). Rareness obviously depends on the time scale of observation [25, 26] , but for our purpose, extremes will mostly concern environments that have been rarely encountered in the recent evolutionary history of a species.
In a biological context, the definition of extreme environments also has to include an aspect of harshness or severity, defined by the response of organisms to these environments. This relates to the notion of environmental stress, which has slightly different meanings depending on the biological background ( [18] , pp. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , but can generally be quantified by the incurred reduction of fitness. This biological component of the definition of extreme environments is to a large extent organism-specific, since environments that cause a stress in one species may be benign to another species. How extreme environments influence the evolution of plasticity depends on how the rareness and severity of these environments affect selection on reaction norms, and the genetic response to this selection, as we elaborate below.
(b) Environmental stress and selection in extreme environments
Empirical evidence about the contribution of extreme environments to natural selection has been reviewed elsewhere, including in this issue ( [19] , pp. 53-90, [25, 27, 28] ), so we here focus more on theoretical and conceptual issues regarding natural selection in extreme environments. The impact of environmental extremes on natural selection partly depends on what causes the stress-induced reduction of fitness. Evolutionary biologists often associate stress with maladaptation, whereby fitness is reduced because the phenotype departs from the best possible one in the stressful environment. This implies that an environment that is stressful for a given genotype/phenotype is not stressful for another, and that more stressful environments cause stronger selection [29, 30] . Maladaptation is generally conceptualized (and modelled mathematically) as deviation of a focal phenotype from the local optimum phenotype set by the environment (figure 1a). If there is genetic variation, such stress-asmaladaptation can be overcome by adaptive evolution. Hence in that perspective, no environment is stressful per se, and the fundamental niche space is not fixed over the evolutionary history of a species [31] . Nevertheless, stress may persist at evolutionary equilibrium despite the presence of genetic variation if gene flow, directional mutation or other evolutionary forces cause systematic maladaptation in peripheral populations, thus restricting a species' ecological niche and geographical range (e.g. [32, 33] ).
But some environments may also be generally stressful to a species, such that the absolute fitness of all genotypes/phenotypes of that species, regardless of their variation within that environment, are overall lower there than in another environment. Figure 1b illustrates such a situation, where environmental extremes are stressful for all genotypes. This type of stress, which concerns the part of the fundamental niche space that is essentially non-evolvable over microevolutionary time scales (i.e. within species), relates to the ecological concept of habitat quality (as highlighted in [34] ) and underlies phenomena such as source -sink population dynamics [35] . These two aspects of stress (maladaptation versus habitat quality) are often confounded in studies on environmental tolerance and stress resistance where fitness is the only measured trait (although they need not be [34] ); however, under the more mechanistic view where environmental tolerance emerges from trait-fitness relationships that change with the environment (figure 1), it is important to distinguish these two sources of stress, as they have different implications for the evolution of plasticity in extreme environments.
For stress-as-maladaptation, extreme environments imply large maladaptation and hence the possibility of strong selection [29, 30] , including on the plasticity of a trait [36] . Conversely, for stress-as-low-habitat-quality, extreme environments correspond to patches with small demographic outputs, quantified for instance by their low reproductive values [37] . In a population that occupies a spatially or temporally heterogeneous environment, these low-productivity patches contribute comparatively less to selection on (and thus evolution of ) reaction norms [38] [39] [40] . The rareness that rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160138 also defines extreme environments has the same consequence as low-habitat quality: it reduces the contribution of these environments to evolution by natural selection.
(c) Genetic variance and constraints on plasticity
The assumption of relaxed (or weakened) selection in extreme environments has been used to argue that reaction norms should evolve essentially freely in these environments, and thus become maladaptive by deviating from the local optimum [41] . However, evolution of plasticity in extreme environments also depends on genetic (co)variances of reaction norms. Selection on a trait expressed in one environment causes a correlated response by the same trait expressed in another environment, whenever these two so-called 'character states' have additive genetic correlation [42, 43] . Transposing this argument to a continuum of environments instead of discrete ones (e.g. temperature rather than host plants) by use of function-valued traits [44, 45] , the additive genetic covariance function of a trait across environments imposes constraints on reaction norm shape [46] , especially if this covariance function is singular, with zero eigenvalues causing some reaction norm shapes to not be evolutionarily accessible [47] . Some models account for such constraints on reaction norm shape by assuming that the reaction norm is a specific function of the environment, such as a polynomial [48] [49] [50] or a sigmoid [51] , with genetic variance affecting the parameters of this function. Which function is more relevant depends on the biological context: a linear reaction norm is generally a reasonable approximation for breeding time in birds [8] , while sigmoid shapes are a good description of inducible defenses in water fleas [52] , although both are simplified descriptions of the reaction norm that may be valid only over a given environmental range.
Constraints on reaction norm shape influence whether or not the reaction norm is likely to be adaptive in extreme environments (figure 2). The reaction norm does not necessarily evolve freely in extreme environments that contribute little to overall selection (because of their rarity or low reproductive output), because it can respond indirectly to directional selection on the trait expressed in more common environments. If the change in selective pressure (e.g. movement of an optimum phenotype) does not show any strong discontinuity from ordinary to extreme environments, then genetic correlations of traits across environments (and constraints on reaction norm shape) are likely to cause the reaction norm in extreme environments to be less maladaptive than expected by chance [53] , challenging arguments about the evolution of maladaptive plasticity in extreme environments [41] . This is illustrated in figure 2 , which shows simulated reaction norms under random genetic drift and natural selection in a temporally fluctuating environment (details in the electronic supplementary material, appendix). In figure 2a , environments at the right end of the range are extremely rare, occurring 100 times less frequently than common environments on the left (inset histogram), and genetic correlations across environments are very weak, with r ¼ 0. rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160138 between phenotypes one environmental unit apart (e.g. temperatures that differ by 18C), and essentially no correlation between environments more than 5 environmental units apart. In this context, phenotypes evolve mostly under random genetic drift in extreme environments, where the reaction norm can assume any shape, and this shape varies in time (broad dashed interval; also compare different grey lines), as suggested by Ghalambor et al. [41] . However, with genetic correlation across environments (figure 2b, r ¼ 0.9 between adjacent environments, minimum correlation 0.13 between phenotypes expressed in environments 1 and 20), reaction norms depart less from their optimum in extreme environments, and their shape is also less erratic. This occurs because phenotypic evolution in extreme environments then becomes dominated by responses to selection in common environments, and the optimum changes linearly from common to extreme environments. Furthermore, if the frequency of extreme environments is higher (while remaining rare), reaction norm evolution becomes almost indistinguishable between extreme and common environments: in figure 2c, reaction norm shape remains linear and close to the optimum over the entire range, even though each extreme environment is eight times less likely to be encountered in a given generation than a common environment. The results in figure 2 can be understood by noting that under the assumptions of the character-state model of quantitative genetics [42, 43] , the response to selection by the mean trait value expressed in an extreme environment is
with directional selection gradients denoted as b, additive genetic variances as G, additive genetic correlation between environments as r and subscripts e/c are for extreme/ common environment. The first term on the right is the direct response to selection on the trait expressed in the extreme environment, while the second term is the indirect response caused by selection on the trait expressed in the common environment. Because selection in any generation only acts on the expressed trait value [43, 46] , the expected response to selection across generations is
where E(b) is the expected selection gradient on the expressed trait value, and r is the odds ratio of frequencies of rare over common environments. Assuming similar genetic variances in extreme and common environments for simplicity, indirect responses to selection in common environments are stronger than direct response to selection in extreme environments whenever r . r, that is, when the genetic correlation between extreme and common environments is larger than their odds ratio (rare over common).
The total expected response to selection in extreme environments is proportional to (r þ r)/(1 þ r), which is at least as large as r for very rare environments, and increases as the frequency of the extreme environment increases. Therefore, whenever r or r is large relative to the effective population size N e [54] , selection is a dominant force over random genetic drift for the evolution of reaction norms in extreme environments.
In practice, a majority of models use either the assumption of a constant reaction norm shape (strong genetic correlations across environments), or the converse one of a completely free shape (as implied in most optimization models searching for evolutionary stable strategies, e.g. [55, 56] ), which could both be argued to be somewhat unrealistic. However, they are good working hypotheses, as they lead to different predictions regarding how adaptive the reaction norm is likely to be in extreme environments. Ultimately, whether reaction norms are free to evolve or constrained in extreme environments is an empirical question. . Reaction norm evolution in extreme versus common environments. The evolution of reaction norms was simulated over a range of environments that differ in frequency, such that the higher third of the environmental range consists of extreme environments that are much rarer than the rest. The odds ratio r of the frequency of rare over common environments is indicated in each panel (a -c), and the distribution of these environments is illustrated graphically by the inset histograms. The phenotype expressed at each value of environmental unit was treated as a character state, with same additive genetic variance (G ¼ 1) in all environments, and additive genetic correlation r jD1j between character states expressed D1 environmental units apart. We simulated 20 000 generations of evolution under random genetic drift (with N e ¼ 1000) and natural selection caused by environmentally driven temporal fluctuations in an optimum phenotype, allowing for partial unpredictability of selection (see electronic supplementary material for more details on simulations). Grey lines show population mean reaction norms at 20 randomly picked generations, and dashed lines represent the 95% interval over all generations. The continuous line shows the expected optimum phenotype experienced by individuals developing in each of the environments.
rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160138 (d) Fundamental constraints on plasticity in extreme environments?
A common verbal suggestion is that plasticity may allow populations to cope with environmental change over an ordinary range of environmental variation, beyond which 'limits to plasticity' are reached, such that populations in extreme environments have to rely more on evolution through genetic changes than on adaptive plasticity. However, the evolutionary foundations for such statements are not entirely clear.
Beyond arguments on relaxed selection described above, one important reason why plasticity may become inefficient to track an optimum phenotype (and thus become suboptimal, or even maladaptive) in extreme environments is because a lack of genetic and mutational variance has prevented adaptive plasticity from evolving in those environments. But if so, the lack of genetic variation is most likely to also constrain evolution of the trait itself in these environments, and it is far from obvious that evolution can 'take over' where plasticity has failed. Here again, the answer has to be empirical: we need to evaluate whether the genetic and mutational variance for responding to extreme environments is lower than in ordinary environments, and whether this is truer for the plasticity of traits than for the traits themselves.
Another possible constraint on plasticity evolution in extreme environments concerns flexible or labile traits, which can change repeatedly through life. Extreme environments may be so stressful as to alter overall physiological functioning, thereby challenging phenotypic flexibility by making it too demanding for the organism. In terms of fitness, this can be thought of as a 'production cost' of plasticity (sensu [57] ) that changes with the environment. Although theory has dealt with the cost of plasticity [10, 58] , including for labile traits [24, 59] , we are not aware of theoretical results about evolution of plasticity under environment-specific production costs for labile traits.
(e) Evolutionary predictions
Having reviewed some of the key elements for the theory of evolution of plasticity in extreme environments, we now place these elements in an ecological context, to highlight some of the major predictions that have emerged. It should be noted that few theoretical predictions exist about evolution of reaction norms specifically in extreme environments. Among those studies that did touch upon this issue, two types of predictions can be distinguished: those that focus on phenotypes expressed in extreme environments only, versus those about the whole reaction norm (expressed across environments) of genotypes evolving in patches with extreme environments.
A fairly large category of models assume that the reaction norm is constrained genetically to have a linear shape, with slope quantifying phenotypic plasticity, and that the optimum phenotype also changes linearly with the environment. In such models, if there is genetic variance in slopes, directional selection on a trait translates into stronger selection on its plasticity in extreme environments [36, 49, 60] . In this context, extreme environments are those that are far from the mean environment where reaction norms are assumed to have evolved to be canalized in the long run, such that their phenotypic variance is minimal [61, 62] , and their slopes are uncorrelated to their elevations [36, 48, 49, 60] . With linear reaction norms and genetically variable slopes, extreme environments are thus associated with increased genetic variance for plastic traits, and play a crucial role in the evolution of plasticity. For instance, an abrupt environmental change towards a previously rare/extreme environment can cause the transient evolution of a more plastic reaction norm having a steeper slope over the whole range of environments [36] . As a consequence, such models predict that evolutionary rescue in a harsh environment should be mostly caused by the evolution of increased phenotypic plasticity [10] . A similar transient increase in plasticity occurs during rare incursions towards extremes in a stationary fluctuating environment with high autocorrelation [63] . And with gene flow in a heterogeneous environment causing continued directional selection in response to migration load, the same mechanism causes demes in patches with extreme environments to evolve reaction norms with steeper slopes [50, 64] .
The assumption of a linear reaction norm, despite being convenient for understanding simple principles about the evolution of plasticity, has to be violated ultimately, since no trait can tend to infinity as the environment increases. The linearity assumption can be relaxed by including higher-order terms in the polynomial that defines the reaction norm. For instance, de Jong [65] has shown that, even when the optimum phenotype changes linearly with the environment, the mean reaction norm over a population occupying a spatially heterogeneous environment can evolve to be curved, with steeper (or shallower) slopes towards extremes, if the joint distribution of environments of development and selection is asymmetric (i.e. skewed, with non-null third central moments). In models that fully relax assumptions on reaction norm shapes (ESS models, character-state models with weak genetic correlations across environments), plasticity in an extreme environment will essentially depend on selection in that environment, which will vary depending on the model, and few specific predictions emerge.
Empirical evidence
The theoretical treatment above outlined a number of key issues for the evolution of plasticity in extreme environments, thus identifying parameters that need to be measured empirically in order for alternative evolutionary hypotheses to be tested. We now review the empirical evidence on some of these questions. As measurements of the strength of selection in extreme versus ordinary environments have already been reviewed elsewhere [25, 27, 28] , we mostly focus here on the genetic potential for and constraints on the evolution of plasticity in extreme environments. 
a) Plasticity in extreme environments
Many plastic traits increase the likelihood of organisms surviving extreme conditions (reviewed in [18] ). For instance, survival at high temperature extremes is often linked to levels of heat-shock proteins (Hsps) expressed in cells, which provide protection for denatured proteins, and whose production is typically triggered by warm conditions that precede stressful temperatures. Plant survival and reproduction under dry conditions is affected by changes in traits affecting stomatal density, leaf shape and anatomy, growth rate, root density and length, xylem anatomy, etc. In insects, traits affecting drought stress might include metabolic rate, cuticular hydrocarbons, size, internal water storage and the ability to extract metabolic water from food sources.
There is evidence that environmental effects on these traits show geographical variation, reflecting past exposure to climate extremes. Levels of Hsp expression (and induction conditions) in insects vary among populations in patterns that are linked with the likelihood of stressful climatic conditions being encountered [66, 67] . Geographical variation for traits underlying acclimation responses in damselflies undergoing range expansion also matches climatic conditions [68] . In plants, traits associated with drought resistance can be plastic and show latitudinal variation [69] , as can thermal reaction norms of flowering time [70] . Genetic variation in phenological responses to climate has been documented in Arabidopsis thaliana [71] , wild emmer [72] , Aleppo pine seedlings [73] and many other species. However, related populations or species can vary markedly in both their geographical patterns of plastic responses [70] and inherent levels of plasticity [74, 75] , such that both fixed (non-plastic) and plastic responses to extremes are found [76] , for reasons that are not well understood. For example, while Arabidopsis thaliana shows evidence of shifting patterns of plastic responses across its geographical range, drought adaptation across populations of Arabidopsis lyrata is based on fixed differences [77] . Similarly, Drosophila melanogaster shows fixed genetic differences across thermal gradients and little plasticity in resistance to short periods of heat [78] .
Empirical evidence seems to point to a correlation of plasticity levels with environmental variability rather than with the overall level of stress, or exposure to stressful environments. For example, in a comparison of 14 pairs of congeneric plants from high and low elevations, Gugger et al. [74] found that species from mid-elevation locations (with intermediate but variable environments) showed a consistently stronger plastic phenological response to drought than those from high elevations (with less variable but on average harsher environments). A similar pattern is found in animals, where narrowly distributed species from stressful environments tend to show reduced levels of plastic responses, particularly in comparison with invasive species that are widely distributed across multiple variable environments and tend to have a high level of plasticity. Examples in animals include invasive prawns [79] and springtails [75] , which may be more likely to cope with new conditions encountered under climate change. However, Drosophila populations and species that are more widespread and occupy more variable climates do not show higher levels of plasticity [80] .
Rapid and recent evolutionary changes in plastic traits that allow populations to escape new stressful conditions associated with climate variation, as modelled by theory [10, 36] , have been documented empirically. Brassica rapa have evolved in response to drought stress by earlier (and longer) flowering and plant structural changes [81] , and invasive grasses flower more rapidly and at a lower biomass in response to a shorter growing season [82] . The thermal reaction norms for size and development time has evolved over about a century in the cabbage white butterfly [83] . However, not all species have the ability to rapidly shift their plastic responses and adapt to climate change. In Concord Wood, many plant species that were unable to adjust their flowering time to altered thermal conditions have become locally extinct [84] . And in a great tit population in The Netherlands, plasticity of timing of reproduction is both heritable and under directional selection [85] , yet the mismatch with the timing of maximum food abundance has increased over time [86, 87] , suggesting that plasticity evolution has not occurred fast enough.
(b) Genetic correlations between extreme and benign environments
As noted above, plastic responses to rare extreme conditions could evolve to be effectively adaptive by proxy, if there are genetic correlations between plastic responses under extreme and more benign conditions. This would favour genotypes with an ability to mount plastic responses that are adaptive beyond the environmental conditions they currently experience. Patterns consistent with this hypothesis have been documented for D. melanogaster populations from warm and cooler areas [88, 89] . Unfortunately, empirical research ( particularly within populations) tends to characterize reaction norms under a relatively narrow range of conditions excluding extremes. Such analyses can detect heritable variation in plasticity [90] , but not necessarily at the limits of the response curve. Nevertheless, some mechanisms might be expected to produce phenotypic correlations across environments. For instance, a heat-shock gene response that is triggered by non-extreme conditions could also have a benefit when thermal conditions become more extreme. In addition, Drosophila lines that have experimentally evolved at different temperatures develop altered acclimation responses, suggesting a genetic correlation between performance at non-stressful temperatures and thermal extremes [91] .
In the agricultural literature, there is a wealth of information on genetic correlations across environments defined in terms of stress, as reflected in a loss of yield or production (i.e. performance traits). The cross-environment genetic correlation is widely used in livestock, where it indicates the extent to which livestock (or plant varietal) genotypes might perform across a range of environments that include challenges such as heat stress [92] . As extremes are encountered, the genetic correlation typically declines from 1 to 0 and sometimes reaches negative values [93, 94] .
Under the common assumption of linear reaction norms, the genetic correlation of character states across environments is a function of the environment and the variances in reaction norm elevation and slope [95] . Reaction norm slopes are often computed for varieties of crop plants exposed to a range of conditions (including drought and heat), and these typically detect differences in environmental slopes between varieties rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160138 [96] . Breeds of livestock have also been shown to differ in terms of slopes across environmental conditions [97] . However, again genetic analyses of reaction norms rarely include extreme conditions, and hence do not allow investigating notably at which point the assumption of a linear reaction norm fails, even though this critically influences correlations of trait values between extreme and ordinary environments.
(c) Genetic variation in extreme environments
The theory reviewed above makes contrasted assumptions regarding genetic variance of plastic traits. Under linear reaction norms, genetic variance of the plastic trait is higher in extreme environments [36, 49] , while in the character-state approach the genetic variance can change arbitrarily between environments, but is often assumed constant for simplicity [43] , as we did in figure 2 .
For quantitative traits, it is well known that the expression of phenotypic variation (both V A and V E ) depends critically on the environment [98] . For instance, the heritability of morphological (and to a lesser extent life-history) traits in wild animal populations tends to be lower under stressful conditions such as food limitation or parasite exposure [99] . One reason may be that 'emergency' responses affecting all genotypes result in slowed metabolism (or even dormancy, see below), causing reduced expression of genetic variation and low V A under stressful conditions. Another possibility discussed above is that plastic responses reach some limit, leading to a plateau in the reaction norm. On the other hand, evidence from laboratory experiments under strong physical stress (mostly on Drosophila) point towards the opposite pattern of increased phenotypic variance under extremes [98] , caused by the expression of cryptic genetic variability resulting from trait 'decanalization' [100] . One possible solution to this apparent paradox (suggested in [99] ) would be that genetic variance consistently increases in novel (i.e. previously rare) environments, and that favourable conditions (large food availability, low parasite load) are generally rare in nature.
Regarding plasticity per se, genetic variation in reaction norm slopes has been documented in a range of organisms and traits [101, 102] . However, in some cases, heritability for plastic traits measured under field conditions can be low (does not differ from 0 for nesting time responses to temperature in flycatchers [103] ). This may reflect an inability of the organism to sense the appropriate environmental cue and/ or physiologically respond to it, and also often denotes our ignorance of the actual cue used by the organism. Heritable plasticity is also demonstrated indirectly by evidence for a genetic basis of between-population differences in plasticity. While related species can differ in reaction norms, particularly in their slopes and curvatures, populations tend to differ much less [104] , suggesting limits to plasticity that act at the intraspecific level, but can be broken above the population level.
Ongoing and future challenges
We now highlight aspects of the evolution of plasticity in extreme environments that we think are currently underemphasized and deserve further investigation. These include features that are ubiquitous in experiments but little addressed by theory, as well as questions that are just beginning to receive attention in experimental work.
(a) Fine-grained timing of extreme environments A challenge for considering extremes within a reaction norm approach is to correctly address the temporal aspect of phenotypic responses to the environment. The reaction norm is typically conceived as a set of character states across levels of an environment that is regarded as constant during a lifetime (as in figure 1 ). This is also reflected in many experiments where organisms are reared under a range of constant conditions to generate the temperature response curve. These experiments and their associated 'static' concept of reaction norm do not capture the important time dimension of the reaction norm in response to temporally fined-grained environments that vary on time scales below lifespans [34, 105, 106] . Moreover, it is not just the extreme values or duration of exposure that matter, but also how these develop. An extreme that is rapidly reached might be better (or less well) tolerated than one that is reached more slowly under a ramped change in the environment [107] . Constant conditions also do not capture the asymmetry often found for fluctuating conditions in the wild, where extremes on one end of the environmental range are experienced more often than on the other end. These types of fluctuations (and their asymmetry) are expected to increase under climate change, as evident already with respect to more rapid warming being experienced at night time compared with day time, with resulting reductions in temperature tolerance and fitness measures [108] .
Another important temporal component is the agedependency of reaction norms. The environment influences phenotypes during development for most morphological traits, so reaction norms often have an ontogenic component [34, 109] , and more generally plasticity is likely to change with life stages, as shown in many studies [110] . A reaction norm might be constructed for each life stage, but the challenge is then to integrate them into an overall response in temporally changing environments, accounting for the fact that conditions at one life stage might influence reaction norms at a subsequent life stage. Empirical studies have just started integrating temporal and ontogenic aspects in the study of reaction norms, notably for tolerance curves [34, 106, 111] and the evolution of age-dependent plasticity also is a relatively new topic for theory [112] .
A final temporal issue is that the reaction norm is likely to depend on environments experienced in previous generations, through transgenerational plasticity [113, 114] . This is thought to chiefly occur by adaptive epigenetics, whereby modifications to chromosomes triggered by environmental conditions are inherited and serve to increase fitness under similar or more extreme conditions in ensuing generations. But transgenerational effects are not necessarily beneficial [115] , and their effects need to be taken into account when defining the nature of the plastic response to extreme environments. Only recently has evolutionary theory started to investigate how maternal effects and plasticity interact [116, 117] , and how epigenetic marks evolve [118] in changing environments, and further developments will probably be required to integrate theoretical predictions with empirical measurements.
rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160138 (b) Correlates and costs of plasticity Plasticity under extremes may depend on interactions with other traits, the indirect response to which may overcome the response to selection on the trait expressed in common environments. First, plasticity can be associated with trait differences within an environment ('fixed' differences). Under the assumption of linear reaction norms, such a genetic correlation between reaction norm slope-quantifying plasticity-and elevation (intercept in a given environment) necessarily occurs in most environments, whenever plasticity varies genetically [36, 49] . In the context of acclimation, studies have investigated whether genotypes having a greater fixed level of resistance to an extreme exhibit reduced plasticity (lower acclimation response), with some supporting evidence in Drosophila [119] , although this is not always the case [120] . There is also some mechanistic overlap between different forms of acclimation/hardening (short versus long-term plastic responses) and fixed differences in response to temperature in Drosophila [121] . Some species comparisons also point to interactions between fixed and plastic responses, including alpine plants from different elevations mentioned above [74] , and comparisons of heat resistance and acclimation ability in Drosophila species [122] .
Furthermore, phenotypic plasticity may be correlated with developmental instability, presumably because they are affected by common developmental processes. For instance, Arabidopsis genotypes with high levels of plasticity across environments also have higher developmental instability within environments [123] . This has been argued to be an indirect constitutive cost of plasticity, as developmental instability causes increased phenotypic variance within an environment, which is detrimental under stabilizing selection [123] . More generally, costs of plasticity, whose importance is debated in evolutionary biology [57, 124, 125] , are likely to be more prominent in extreme environments. For instance, high expression of Hsps, as induced under extreme temperatures, has detrimental effects on life-history traits [126] .
(c) Dormancy traits as specific responses to extremes
An important set of traits underlying plastic responses to extremes that differ qualitatively from most physiological or morphological responses described above are diapause, quiescence, hibernation and other forms of dormancy. Indeed, dormancy traits are escape strategies, whereby an organism avoids facing the detrimental effects of stress through a major slowdown in metabolism. This metabolic slowdown necessarily has cascading effects on many other traits, by reducing selection on them and limiting the expression of their genetic variation (as discussed above). Because metabolism is reactivated at a later time (under presumably more suitable environmental conditions), diapause and dormancy have often been interpreted conceptually as dispersal trough time [127] .
Models have investigated the evolution of plastic dormancy, where an environmental cue predictive of extreme environments triggers the metabolic slowdown [128] , and highlighted its interaction with dispersal through space [127, 129] . Such interactions have been studied empirically by Fedorka et al. [130] , who found that gene flow in crickets led to a maladaptive pattern along a climate gradient, whereby many crickets failed to enter diapause when it was clearly favoured by selection because of an influx of poorly adapted genotypes from areas where diapause was not favoured. This situation is expected to occur when a minority of individuals in a species range encounter stressful conditions.
Environmentally cued dormancy and diapause can be seen as extremes of a continuum that includes all plastic phenological traits, which are critically important under climate change [131] . Indeed, any adjustment of the timing of egg laying in birds [132] or bud burst in trees [133] , for instance, involves mechanisms of slowed down metabolism, although only for a specific function rather than at the level of the whole organism. An interesting theoretical and empirical question is thus: what degree of extremeness in the environment is required to turn such phenotypically localized plastic slowdowns into whole organism dormancy or diapause, and why?
Applications
In the context of conservation biology under global change, plastic responses to extremes are important because environments that are now rare are likely to become increasingly common in the future. If genetic correlations of trait values across environments are such that plastic responses to rare extreme environments are already favoured under more common and moderately stressful conditions, then there may be a relatively high level of plasticity-based climate resilience in natural populations. In that case the conditions for persistence under climate change can be investigated and predicted to some extent by combining the current plasticity level with genetic evolution of the non-plastic component of traits [11,73,134 -136] . On the other hand, if plastic responses are poorly correlated between extreme and favourable conditions, there may be value in the conservation of range edge populations which have been exposed more frequently to extremes [137] , particularly given that these populations are likely to be highly threatened in many ecosystems by clearing and other disturbances.
The impact of plasticity on the performance of genotypes across environments is also relevant to maintaining agricultural and forestry productivity under extreme conditions encountered due to climate change [138] . There may be an opportunity to select specifically for increased or decreased plasticity, assuming that this will not cause undesirable responses to selection by 'fixed' trait values or performance in any environment. For instance, Aspinwall et al. [138] provide an example in cotton cultivars-based on published data [139] -of a negative association between yield and photosynthetic plasticity under drought versus well-watered conditions, suggesting that highly plastic genotypes have low average yields.
Conclusion
Despite relying on simple models, theory can start guiding our understanding of phenotypic plasticity and its evolution in extreme environments. Confronting theoretical predictions with empirical data is inherently difficult because the rareness of extremes in natural conditions and their severity (when tested in the laboratory where rareness is not an issue) makes this work challenging, necessarily decreasing productivity (i.e. more work is needed to produce the same amount of data). Nevertheless, the importance of plastic rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160138 response to extreme environments for both basic science and applied fields make this effort worthwhile. We hope that the present paper contributes to fostering new studies of these processes by highlighting the most pressing questions. Beyond technical advances such as high-throughput phenotyping, progress will also require integrating novel questions about plasticity (age-dependency, transgenerational effects) with a more realistic account of the ecology of extreme events in nature, including how they unfold in time. 
